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Clamped homogeneous electric field (CHEF) electrophoresis was optimized for genomic analyses of Listeria
monocytogenes. Various human, animal, food, and environmental isolates, as well as strains representing other
Listeria species, were separately digested with rarely cutting endonucleases. Of 176 L. monocytogenes strains
analyzed, the enzymes Ascl and Apal established 63 and 72 unique restriction endonuclease digestion profiles
(REDP), respectively. The 22 non-L. monocytogenes strains exhibited 18 AsclI and 19 Apal unique REDP.
Statistical analyses of REDP information using the Dice coincidence index and principal component analysis
revealed two distinct genomic divisions of L. monocytogenes that also correlated with the flagellar (H) antigen
type: division I contained serovar 1/2a, 1/2¢, 3a, and 3c strains, and division II contained serovar 1/2b, 3b, 4b,
4d, and 4e strains. Division I isolates digested with Apal were further grouped into cluster IA (serovar 1/2c and
3c) and cluster IB (serovar 1/2a and 3a) strains. Likewise, division II isolates digested with 4pal were further
grouped into cluster IIA (serovar 1/2b and 3b) and cluster IIB (serovar 4b, 4d, and 4e) strains. These data
indicate that genotypic data generated by CHEF can be directly related to phenotypic data generated by
serotyping for establishing the overall relatedness of isolates. Moreover, these data further substantiate that
CHEF analysis is a reproducible and highly discriminating method for characterizing L. monocytogenes strains

at the molecular level.

Although cases of food-related listeriosis in the United
States have decreased by half since 1986 (1), as evidenced by
the appreciable increase in product recalls between 1988 and
1992 (2), Listeria monocytogenes remains a serious threat to
human health. Therefore, it is not surprising that considerable
efforts are continually directed to develop rapid, reproducible,
and discriminating methods to characterize this important
food-borne pathogen. Several phenotype- and genotype-based
typing strategies, each with their intrinsic advantages and
shortcomings, are available for differentiating listeriae (for
examples, see references 3, 5, 10, 13, 15, 18 to 22, 24, 25, and
27). Genomic fingerprinting via pulsed-field gel electrophore-
sis (PFGE) is one of the most, if not the most, discriminating
typing method available for L. monocytogenes (3-6, 15). Thus,
one aim of the present study was to substantiate the discrim-
inating powers of PFGE by using a larger and more diverse
collection of strains than previously examined. A second aim of
this study was to associate, if possible, pulsed-field restriction
endonuclease digestion profiles (REDP) with relevant pheno-
typic typing (i.e., serovar) criteria. A third aim was to apply a
computer-based, statistically relevant strategy to evaluate nu-
merous REDP to provide an overview of genetic relatedness
among phenotypically similar listeriae.

(Preliminary reports of portions of this work were presented
at the 80th Annual Meeting of the International Association of
Milk, Food, and Environmental Sanitarians, 1 to 4 August
1993, in Atlanta, Ga.)

* Corresponding author. Mailing address: Department of Food
Microbiology and Toxicology, Food Research Institute, 1925 Willow
Dr., University of Wisconsin, Madison, WI 53706. Phone: (608)
263-77717. Fax: (608) 263-1114.
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MATERIALS AND METHODS

Listeriae. A total of 176 different L. monocytogenes strains
from various sources and 22 strains representing other Listeria
species were analyzed in this study. Isolates were maintained as
described previously (7) and transferred at least twice prior to
use. Representative strains and their relevant characteristics
are listed in Tables 1 and 2. Serovar data were obtained from
reference laboratories and/or were provided by culture cura-
tors.

Preparation and cleavage of genomic DNA in agarose plugs.
Intact, high-molecular-weight genomic Listeria DNA was iso-
lated and digested in agarose plugs as described elsewhere (3,
15) with two exceptions. The present study used 10® cells (40
pl) per agarose plug and employed a lysis solution containing
0.5 M EDTA, 0.5% N-lauroylsarcosine (Sigma Chemical Co.,
St. Louis, Mo.), 2 mg of deoxycholic acid (Sigma) per ml, and
2.5 mg of lysozyme (egg white; Calbiochem-Novabiochem Co.,
La Jolla, Calif.) per ml. Genomic DNA within each agarose
plug was completely digested with 2 U of AscI (New England
Biolabs, Inc., Beverly, Mass.) or 20 U of Apal (Boehringer
GmbH, Mannheim, Germany).

Macrorestriction fragments were resolved by the PFGE
technique of contour-clamped homogeneous electric field
(CHEF) electrophoresis, hereafter referred to as PFGE-
CHEF, using a CHEF-DRII (Bio-Rad Laboratories, Rich-
mond, Calif.) apparatus. Restriction fragments were resolved
within electrophoresis grade agarose (1%; GIBCO-Bethesda
Research Laboratories, Life Technologies, Inc., Gaithersburg,
Md.), at 200 V and with pulse times ramped from 1 to 40 s over
23 h while the mixture was maintained at 18°C. The low-range
PFGE marker (New England Biolabs) and/or lambda DNA
concatamers (Promega Corp., Madison, Wis.) were used as
molecular weight size standards. For comparison among dif-
ferent gels, L. monocytogenes JBL1434 (serovar 4b, clinical
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TABLE 1. Designation, source, and relevant characteristics of representative L. monocytogenes strains”

Results for endonuclease

G(icg?:"; strejxil131Lno. Other designation Serovar Source Apal Ascl
REDP No. of REDP No. of
no. strains” no. strains®
I 14514 CDC/G-2347 1/2a Human 1 4 mlla 1
I 1562¢ CDC/G-6847 1/2a Human 1 mllb 2
I 1564¢ CDC/G-6686 1/2a Human 1 mllc 1
I 13894 CDC/F-6854 1/2a Food 2 10 md2a 12
I 1510¢ CDC/G-5138 1/2a Human 3 2 m42a
I 16124 CDC/F-7269 1/2a Human 4 5 m32a 5
I 16174¢ CDC/G-1127 3a Human 5 1 m30a 1
1 15704 CDC/G-4484 1/2a Food 6 2 m40a 1
1 1571°¢ CDC/G-3911 1/2a Food 6 m40b 1
1 15184 CDC/G-3562 1/2a Human 7 2 mdQc 2
I 21214 CLIP 9569 1/2a Food 8 1 mS50a 1
I 21224« CLIP 5864 1/2a Food 9 1 mS50b 1
I 16184¢ CDC/G-5824 3a Human 10 3 mS1la 1
I 1568°¢ CDC/G-6647 1/2a Food 10 mS1b 4
1 13124« ATCC 35152 1/2a Animal 11 4 mSlc 1
I 1569¢ CDC/G-5652 1/2a Food 10 m51d 2
I 15634 CDC/G-6767 1/2a Human 12 1 mS1d
1 14604 CDC/G-3857 1/2a Human 13 3 mdla 1
1 1459¢ CDC/G-3828 1/2a Human 13 m4lb 2
I 1566%¢ CDC/G-6135 1/2a Human 14 1 mélc 1
I 1615%¢ CDC/F-8605 3a Human 15 1 m4ld 1
1 1616%¢ CDC/F-8705 3a Human 16 1 mdle 1
I 13174 SLCC 2479 3c NK 17 11 m4l1f 13
I 15894 CDC/G-5460 1/2¢ Human 18 1 m4l1f
1 15874 CDC/G-5813 1/2c Food 19 1 m4lf
I 15884« CDC/G-5661 1/2¢ Food 20 1 mdlg 2
I 15824 CDC/G-7784 1/2¢ Human 21 1 mélg
1 15854 CDC/G-3321 1/2¢ Human 22 1 m4lh 1
1320¢ ATCC 19116 4c Food 1 m35a 1
II 15304 27 1/2b Human 23 2 ml3a 2
1T 15744 CDC/G-6592 1/2b Human 24 1 m13b 1
11 2123¢ CLIP 10456 3b Human 25 m?23j 1
11 13134 SLCC 2755 1/2b Animal 25 2 m23a 6
11 16204 CDC/F-4540 3b Food 26 2 m23a
11 1465¢ CDC/F-4278 1/2b Food 27 2 m23a
I 15774 CDC/G-7419 1/2b Food 28 2 m23b 1
11 1506%¢ CDC/G-3310 1/2b Human 29 2 m23c 2
11 1576%¢ CDC/G-6346 1/2b Human 30 1 m23d 2
IT 1580¢ CDC/G-5805 1/2b Food 31 1 m23d
1T 1572%¢ CDC/G-6853 1/2b Human 32 1 m23e 1
11 16104 CDC/F-5899 1/2b Human 33 4 m23f 4
11 15734¢ CDC/G-6805 1/2b Food 34 1 m23g 1
11 15794¢ CDC/G-6378 1/2b Food 35 1 m23h 1
11 15814« CDC/G-5397 1/2b Food 36 1 m23i 1
11 1316%¢ SLCC 2540 3b Human 37 1 m24a 1
11 1614%¢ CDC/G-5777 1/2b Human 38 1 m24b 1
11 15784¢ CDC/G-6961 1/2b Food 39 1 ml2a 1
II 15034¢ CDC/G-2405 1/2b Human 40 6 m22a 1
1T 1502¢¢ CDC/G-2311 1/2b Human 41 2 m22b 4
I 1515¢ CDC/G-3288 1/2b Human 42 2 m22b
11 1575¢ CDC/G-6544 1/2b Human 43 1 m22b
11 1516° CDC/G-3410 1/2b Human 40 m22c 6
11 1504¢4< CDC/G-2594 4b Human 44 4 m13d 6
1§ 15974 CDC/G-7800 4b Food 45 1 m13d
11 15984 CDC/G-7614 4b Food 46 1 m13d
1} 1595¢%¢ CDC/G-6768 4b Human 47 1 m22d 1
Il 12314 FRI/Lm RS 4b Human 48 2 m22e
11 1596%¢ CDC/G-6541 4b Human 49 1 m22f 1
11 14314 CDC/G-3205 4b Human 50 4 m22g
11 16139 CDC/G-5470 4b Human 51 1 m22g
II 1520¢ CDC/G-4088 4b Human 52 m22g 5
1 13214¢ ATCC 19117 4d Animal 52 6 m?22h 6
11 1529« 26 4b Human 53 1 m22i 1

Continued on following page
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TABLE 1—Continued

Results for endonuclease

Genomic JBL Other S s Apal Ascl
division strain no. designation cerovar ource
REDP No. of REDP No. of
no. strains® no. strains®

II 1244%¢ CLIP 154 4b Human 54 1 m22j 1
II 1000%¢ ScottA 4b Human 55 15 m22k 19
I 14214 CDC/G-4264 4b Human 56 3 m22k

IT 15274 18 4b Human 57 1 m22k

II 1599 CDC/G-6257 4b Food 58 2 m22l 2
II 1594%¢ CDC/G-6777 4b Human 59 1 m22m 1
I 1434%¢ CDC/F-4565 4b Human 60 8 m2la 8
I 1425%¢ CDC/G-3638 4b Human 61 3 m21b 3
1I 14194 CDC/G-4061 4b Human 62 1 m2lc 1
I 14204 CDC/G-4063 4b Human 63 1 m21d 1
II 1174%¢ ATCC 19118 4e Food 64 1 m2le 1
I 2124 CLIP 891 4b Animal 65 1 m21f 1
II 1603%¢ CDC/G-1964 4b Human 66 2 m2lg 2
II 14554 CDC/G-3056 4b Human 67 1 m21h 11
II 14644 CDC/F-4275 4b Food 68 1 m21h

II 14624 CDC/G-3073 4b Human 69 7 m21h

11 15324 33 4b Food 70 2 m21h

11 14294 CDC/G-2090 4b Human 71 4 m21i 4
11 1522%¢ 3 4b Human 72 3 m21j 3

4 Abbreviations: NK, not known; ATCC, American Type Culture Collection; CDC, culture collection of the Centers for Disease Control and Prevention; CLIP,
Listeria collection of the Pasteur Institute; FRI, culture collection of the Food Research Institute; JBL, culture collection of J. B. Luchansky, Food Research Institute;
SLCC, special Listeria culture collection.

® Total number of strains with the particular Apal REDP. The total number of all Apal-tested strains was 176.

< Total number of strains with the particular AscI REDP. The total number of all Ascl-tested strains was 176.

4 Strain representative of the particular Apal REPD depicted in Fig. 1.

¢ Strain representative of the particular Ascl REDP depicted in Fig. 2 or 3.

/ Strain received from S. Kathariou, University of Hawaii.

TABLE 2. Designations and relevant characteristics of representative Listeria sp. strains

Results for endonuclease

. JBL Other Apal Ascl
Species strain no. designation” Serovar P
REDP no No.. 02 REDP No.. of
strains no. strains®

L. ivanovii 1673%¢ CLIP 12065 5 73 1 ivlla 1
1674%¢ CLIP 2737 5 74 1 ivllb 1
1672%¢ CLIP 2300 5 75 1 iv0la 2
16767 CLIP 257 5 76 1 iv0la

L. welshimeri 16774¢ CLIP 11633 NKf 77 1 wlla 1
16814¢ CLIP 20280 NK 78 1 w01b 1
1679%¢ CLIP 19889 NK 79 1 wllc 1
1683%¢ CLIP 19732 NK 80 1 w01d 1
1669%¢ ATCC 35897 6b 81 1 wlle 1
1678%¢ CLIP 81 NK 82 1 wOlf 1

L. grayi 1671%¢ CLIP 12518 NK 83 1 g23a 1

L. seeligeri 1685%¢ CLIP 9529 NK 84 1 s12a 1
1665%¢ SLCC 3990 NK 85 1 s13a 1
16674¢ SLCC 3502 NK 86 1 s12b 1

L. innocua 1220%¢ FR1/306 6b 87 1 inlla 1
1225%¢ FRI/501 6a 88 1 in11b 1
1325%¢ ATCC 33090 6a 89 1 in2la 1
1218%¢ FRI/109 6a 90 2 in3la 2
1221%¢ FRI1/308 6a 91 3 in21b 3

“ ATCC, American Type Culture Collection; CLIP, Listeria collection of the Pasteur Institute; FRI, culture collection of the Food Research Institute; JBL, culture
collection of J. B. Luchansky, Food Research Institute; SLCC, special Listeria culture collection.

b Total number of strains with the particular 4pal REDP. The total number of all Apal-tested strains was 22.

¢ Total number of strains with the particular AscI REDP. The total number of all AscI-tested strains was 22.

4 Strain representative of the particular Apal REPD depicted in Fig. 1.

¢ Strain representative of the particular AscI REDP depicted in Fig. 2 or 3.

/NK, not known.
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FIG. 1. Diagram of 72 representative Apal REDP of 175 L. monocytogenes isolates.

sequentially in Table 1.

isolate) was included on each gel as an internal standard. Gels
were stained in ethidium bromide, and banding patterns were
visualized on a shortwave UV transilluminator and photo-
graphed.

Data management. Representative strains displaying unique
Apal REDP via visual inspection of gel photographs were
delineated numerically (1 through 72 [Table 1]). Representa-
tive strains displaying unique Ascl REDP were designated by
an alphanumeric code (e.g., mlla [Table 1]) based on the
species name (e.g., “m” denotes monocytogenes), the number
of bands within the first two arbitrary fields (e.g., “11” indicates
the presence of a single band in both arbitrary field 1 [=48.5
kb] and arbitrary field 2 [48.5 to 97 kb]), and the number of
strains with equivalent bands in both arbitrary fields (e.g., “a”
denotes a unique REDP displaying a single band in fields 1 and
2). Although a specific file management program (PC-File 6.5;
ButtonWare, Bellevue, Wash.) was used to organize strain and
REDP information, any generic database package would suf-
fice. The presence or absence of macrorestriction fragments
for each strain was then transcribed into binary scores to
diagram and manage REDP data with the ELBAMAP (16)
software program. The ELBAMAP program determines the
largest and smallest bands of the database and plots within
these limits. In addition, similarity matrices were created from
the entire Ascl and Apal REDP database by pairwise compar-
isons of REDP. The similarity among profiles was calculated
by using the Dice coincidence index (12), which is calculated as
follows: DNA fingerprint similarity (S,,) for strains x and y is
the number of common bands in both DNA profiles (n,,)
divided by the average number of bands exhibited by both
strains [S,, = 2n,/(n, + n,)]. To more clearly visualize genomic
relationships among L. monocytogenes strains, principal-com-
ponent analysis of Dice similarity coefficients was performed,
using the SAS/ETS system (SAS Institute, Cary, N.C.) as
reported by Chen et al. (8).

=

e identities and/or origins of strains are listed

RESULTS

Preliminary screening by PFGE-CHEF and numerical cod-
ification of L. monocytogenes strains. With the exception of
JBL1320 (ATCC 19116, serovar 4c, food isolate), all 176
strains tested displayed Apal REDP. Visual comparisons of
macrorestriction patterns revealed 72 different Apal REDP
(Fig. 1; Table 1). At present, it is not known why Apal did not
digest genomic DNA from the serovar 4c isolate.

Inspection of all fragments within and among REDP was
admittedly tedious and labor intensive, and probably impre-
cise, because of the overabundance of strains and restriction
fragments analyzed. To facilitate more exact and less subjec-
tive comparisons of REDP among strains, the number of
macrorestriction fragments within 13 arbitrary fields (=48.5,
48.5 to 97, 97 to 588 in 48.5-kb increments, and >588 kb) was
recorded for individual strains. These experiments were con-
ducted primarily with Ascl to simplify record keeping of REDP
data, since this enzyme consistently generated the smallest
number of discernible fragments while maintaining discrimi-
natory power (for example, see Fig. 2). Also, by determining
the number of Ascl fragments within field 1 (=48.5 kb) and
field 2 (48.5 to 97 kb) it was possible to assign an alphanumeric
code to each strain (Table 1) and readily identify related
strains with the PC-File 6.5 file management program. Strains
displaying the same number of Ascl fragments within each
arbitrary field were subsequently compared in adjacent lanes
by PFGE-CHEF to determine more precisely if their REDP
were identical or simply related. CHEF analyses of Ascl REDP
by this approach identified 63 distinct REDP groupings among
the 176 strains tested (Fig. 3; Table 1). In addition, genomic
DNA from the serovar 4c strain (JBL1320) that was not
amenable to digestion with Apal generated 12 fragments
following digestion with AscI (Fig. 3, JBL1320). It was also
observed that the majority (97%) of L. monocytogenes strains
displayed an Ascl fragment about 245 kb long (Fig. 3). Further
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JBL-No.:

FIG. 2. Ascl PFGE-CHEF gel of L. monocytogenes isolates. The
identities and/or origins of strains are listed sequentially in Table 1.
Gen., genomic.

studies to establish whether the 245-kb Ascl fragment is
specific for L. monocytogenes in size and/or nucleotide se-
quence are warranted.

Comparison of low-molecular-weight Ascl restriction frag-
ments of L. monocytogenes. Closer scrutiny of Ascl fragments
about 23 to 60 kb long (Fig. 2 and 3) revealed that L.
monocytogenes isolates presenting type AB or BD flagellar (H)
antigens (serovars 1/2a, 1/2c, 3a, or 3c [24]) exhibited similar
REDP and comprised one genomic division, whereas isolates
presenting type ABC flagellar (H) antigens (serovars 1/2b, 3b,
4b, 4d, or 4e [24]) displayed similar REDP and constituted
another genomic division. These data indicate that visual
analyses of low-molecular-weight macrorestriction fragments
displayed on gels (Fig. 2) or interpretive diagrams (Fig. 3) may

AppPL. ENVIRON. MICROBIOL.

prove useful for confirming and identifying the serovar of L.
monocytogenes isolates.

Principal-component analyses of L. monocytogenes REDP
data. To further confirm genetic relatedness among strains,
similarity matrices were calculated (data not shown) by pair-
wise comparisons of REDP data using the Dice coincidence
index. Because of the magnitude and complexity of the REDP
and Dice similarity information collected, principal-compo-
nent analysis was conducted to more clearly expose genomic
relationships among the strains tested. For the Apal REDP
data, the first component of principal-component analysis (Fig.
4, x axis), which accounted for 72% of the total variance,
identified two primary divisions among the 175 L. monocyto-
genes isolates tested: division I comprised serovar 1/2a, 1/2c, 3a,
and 3c strains, whereas division II comprised serovar 1/2b, 3b,
4b, 4e, and 4d strains. Analysis of the second component of
principal-component analysis (Fig. 4, y axis), which accounted
for 10% of the total variance, identified two subdivisions within
each primary division: cluster IA (serovar 1/2c and 3c) and IB
(serovar 1/2a and 3a) strains and cluster IIA (serovar 1/2b and
3b) and IIB (serovar 4b, 4d, and 4e) strains. Similar results
were obtained from principal-component analyses using Ascl
REDP similarity data (Fig. 5). The first component (x axis)
accounted for 60% of the total variance, and the second
component (y axis) accounted for 10% of the total variance.
Although the Ascl genomic divisions are clearly delineated, the
Ascl clusters and/or subdivisions within each genomic division
are not apparent.

CHEF analyses of genomic DNA from other Listeria species.
Genomic fingerprinting was also conducted on strains of
Listeria species other than L. monocytogenes. The enzymes
Apal and Ascl generated 19 and 18 distinct REDP (Fig. 6 and
7, respectively) for the 22 strains tested. There were no REDP
common among the different non-L. monocytogenes species
tested, and genomic fingerprints of the 22 non-L. monocyto-
genes strains examined did not match fingerprints displayed by
any of the 176 L. monocytogenes isolates analyzed by PFGE-
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FIG. 3. Diagram of 63 representative Asc] REDP of 176 L. monocytogenes isolates.

in Table 1.

The identities and/or origins of strains are listed sequentially



VoL. 60, 1994 MOLECULAR CHARACTERIZATION OF LISTERIA SPECIES 2589

Genomic Division | Genomic Division Il
m: Serovars 1/2a, 3a, <: Serovars 1/2b, 3b,
0: Serovars 1/2c, 3¢ +: Serovars 4b, 4d, 4e
120 g
Bl
100 1
<&
80 oo = @
o~ =
4
o 40 - Fo &
3 [ ]
3 - -
O 20 = -
2 - -
o 0 ‘ -
o ] -
z -
[4
a -20 - =
- * .
-40 - *+ * ‘_? -
o ‘.‘
-60 B -
-80
-300 -250 -200 -150 -100 -50 0 50 100 150 200
PRINCIPAL COMPONENT 1

FIG. 4. Plot of the first and the second principal components obtained by principal-component analysis of Dice similarity data of 72
representative Apal REDP of L. monocytogenes.

Genomic Division | Genomic Division I
W: Serovars 1/2a, 3a, <: Serovars 1/2b, 3b,
80 O: Serovars 1/2c,3c  ©: Serovar4c <: Serovars 4b, 4d, 4e
-
-,
60 .- - -
40 - <
ob -« £ <
<o
- t -
~ 20 (=] P
b *2
] 0 - - - L2
o - o
& 2 -
o
8 40 ™ -
. =, *7 -
o -
o -60 -
z -
a <
-80
-100
120 i
| ]
-140
-250 -200 -150 -100 -50 0 50 100 150
PRINCIPAL COMPONENT 1

FIG. 5. Plot of the first and the second principal components obtained by principal-component analysis of Dice similarity data of 63
representative Ascl REDP of L. monocytogenes.
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FIG. 6. Diagram of representative Apal REDP of 22 non-L. mono-

cytogenes isolates of Listeria species. The identities and/or origins of
strains are listed sequentially in Table 2.

CHEF. Also, it was not useful to perform principal-component
analyses on non-L. monocytogenes species of Listeria because
their similarity coefficients were too dissimilar (data not
shown). However, as observed with L. monocytogenes, the
absence of low-molecular-weight bands for Listeria innocua,
Listeria ivanovii, Listeria seeligeri, and Listeria welshimeri cor-
related with the ABC flagellar (H) antigens of these species.
Additionally, the eight L. innocua strains examined displayed a
common Ascl fragment about 15 kb in length. Further studies
using a greater number of strains are required to determine if
the 15-kb Ascl fragment is unique to L. innocua.

DISCUSSION

As reported previously (15), the enzymes Ascl and Apal
were most useful for generating a convenient number of
readily discernible macrorestriction fragments of listeriae. Di-
gestion of 176 L. monocytogenes DNAs with these two enzymes
generated 87 genomically distinct groups. Although Ascl was
generally less discriminatory than Apal for subtyping L. mono-
cytogenes, the Ascl data were easier to interpret, since Ascl
typically generated fewer bands (8 to 14 fragments) than Apal
(18 to 23 fragments). Our results also revealed that with few
exceptions strains of different serovars and strains within each
serovar displayed different REDP. Another observation was
that some strains with different serovars displayed identical
REDP. For example, a serovar 1/2a strain (JBL1648) displayed
Apal and Ascl REDP characteristic of serovar 1/2c and 3c
strains. As another example, a serovar 4d strain (JBL1321)
displayed the same genomic fingerprint as several serovar 4b
strains. Although our results are in close agreement with
results already published, most strains analyzed in this study
displayed 18 to 23 bands following digestion with Apal, com-
pared with the 15 to 18 Apal bands reported elsewhere (3, 4,
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FIG. 7. Diagram of representative AscI REDP of 22 non-L. mono-

cytogenes isolates of Listeria species. The identities and/or origins of
strains are listed sequentially in Table 2.

6). Our ability to discern additional fragments is attributed, in
part, to the use of higher DNA concentrations, which in turn
allowed for better visualization of lower-molecular-weight
fragments. It was also interesting that genomic DNA from L.
monocytogenes ATCC 19116 was amenable to digestion with
Ascl but, despite repeated attempts, was not restricted with
Apal. Daniellsson-Tham et al. (9) made a similar observation
that some strains of L. innocua were not restricted with Apal
but were restricted with Smal. With the exception of these two
reports, there have been no previous indications that listeriae
were nontypeable by PFGE. In our experience in subtyping
over 450 strains of Listeria by PFGE, to date, only 3 strains
were found to be nontypeable. Thus, the occurrence of L.
monocytogenes and L. innocua isolates that are not typeable by
using a single enzyme for PFGE is extremely rare and, as is the
case with the serovar 4c strain used in this study, such isolates
may be amenable to digestion by other enzymes. Experiments
are under way to confirm the serovar of our presumed ATCC
19116 clone and to assess why Apal does not restrict genomic
DNA from this isolate.

The results herein corroborate our previous findings (15)
and highlight the usefulness of PFGE-CHEF for elucidating
species-specific differences for Listeria strains. With the excep-
tion of the potentially unique 15-kb AscI fragment found in all
L. innocua strains tested, only one strain of L. innocua
displayed an Ascl fragment smaller than 40 kb. The general
absence of low-molecular-weight Ascl fragments for L. in-
nocua, as well as L. ivanovii, L. seeligeri, and L. welshimeri
(species all characterized by type ABC flagellar [H] antigens
[24]), was in agreement with the observation that serovar 1/2b,
3b, 4b, 4d, and 4e strains of L. monocytogenes (ABC flagellar
antigenic structure) were also missing low-molecular-weight
fragments. This observation demonstrates that Listeria strains
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with flagellar antigens of the ABC type can clearly be distin-
guished from strains displaying other flagellar antigens on the
presence or absence of low-molecular-weight Ascl restriction
fragments.

The conversion of banding patterns on photographs into
computer-readable binary scores and the subsequent use of the
ELBAMAP software program enabled us to better track
strains in our database, as well as diagram REDP, calculate
Dice similarity matrices, and conduct principal-component
analyses. As an aside, the Dice index also facilitated genomic
comparisons among outbreak-related L. monocytogenes iso-
lates (4) and strains of Staphylococcus (11) and Rickettsia (23).
Two-dimensional plotting of the first and second components
of principal-component analyses of Apal and AscI REDP data
clearly demonstrated the existence of two distinct genomic
divisions within the species L. monocytogenes. The further
delineation of the two genomic divisions into two clusters
within each division was observed with Apal but not Ascl,
presumably because Apal generated more fragments and, as
such, identified more subtle differences among strains. It is
noteworthy that the two primary divisions identified by princi-
pal-component analyses (Fig. 4 and 5) corresponded with the
two primary divisions established by visual inspection of the
lower-molecular-weight Ascl and Apal fragments (Fig. 1 to 3).
It was also significant that the genomic divisions delineated
through REDP analyses correlated directly with the flagellar
(H) antigen types and, therefore, the serovars of listeriae. It
should be noted that in a previous study (5) field inversion gel
electrophoresis failed to establish any clear division between
serovar 1/2a, 1/2c, 3a, 3c strains and serovar 1/2b and 3b strains,
primarily because the serovar designations of several strains as
received were incorrect. The present study also established the
absence of any clear correlation(s) between REDP and so-
matic (O) antigens of listeriae (data not shown). For example,
some serovar 3a and 1/2a strains, 3¢ and 1/2c strains, or 3b and
1/2b strains exhibited identical REDP but the REDP of
serovar 1/2a and 1/2b strains were very different.

The identification of two major genomic divisions of L.
monocytogenes by PFGE-CHEF corresponds with results ob-
tained by other investigators using surface protein profiles,
nucleotide (lis4) probes, and/or multilocus enzyme electro-
phoresis to type listeriae (20, 21, 25). However, serovar 1/2b
and 4b strains were not always distinguished by multilocus
enzyme electrophoresis (19, 20), whereas PFGE-CHEF con-
sistently revealed distinct differences between serovar 1/2b and
4b strains. Similarly, analysis of sodium dodecyl sulfate-ex-
tracted surface proteins of L. monocytogenes was useful for
discriminating between strains of serogroup 1 and 4 but the
protein clusters did not match the clusters established with
multilocus enzyme electrophoresis or PFGE-CHEF, particu-
larly with respect to the placement of serotype 1/2b isolates
(25). Rasmussen et al. (21) identified two types of L. monocy-
togenes according to the sequence of the lis4 gene that
correlated with flagellar antigens and, as such, coincided with
results obtained with multilocus enzyme electrophoresis and
PFGE-CHEF. However, the flagellar antigen type was not
determined for 21 of 38 strains (55%) screened with the lis4
probe sequence (21). Lastly, in related studies, correlations
were not observed between serovar and monoclonal antibody
reactivity patterns (26) or serovar and random amplified
polymorphic DNA profiles (18). Despite the ability of several
typing strategies to classify L. monocytogenes into two broad
groups, our results substantiate that PFGE-CHEF identifies
more subtle differences among isolates and, thus, approximates
a more accurate reflection of genomic groupings and related-
ness.
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In summary, codification of REDP information greatly
simplified the initial screening and comparison of strains, and
computer management of REDP allowed for more exacting
comparisons among isolates. The ability to statistically analyze
numerous REDP obtained by PFGE-CHEF was also critical
for establishing the relationship between serovars and genomic
fingerprints, a finding not previously reported for L. monocy-
togenes but observed with some (14), though not all (17),
pathogens. From a more pragmatic viewpoint, having estab-
lished a fairly extensive REDP database, it is now possible to
predict and/or confirm the serovars of strains of interest. As
another application, when specific antisera are not available, it
may be possible to use PFGE-CHEF in combination with
commercially available polyvalent antisera to provide informa-
tion similar to that provided by the serovar for typing purposes.
Our findings also confirm that PFGE-CHEF represents a facile
and highly discriminatory method for fine structure compari-
sons for epidemiologic investigations and molecular character-
ization of listeriae.
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